Abstract: This study examines the effect of the complementarity between the variable generation resources (VGRs) and the load on the flexibility of the power system. The complementarity may change the ramping capability requirement, and thereby, the flexibility. This effect is quantified using a flexibility index called the ramping capability shortage expectation (RSE). The flexibility is evaluated for different VGR mix scenarios under the same VGR penetration level, and an optimal VGR mix (i.e., one that maximizes flexibility) is obtained. The effect of the complementarity of the wind and PV outputs on the flexibility is investigated for the peak-load day of 2016 for the Korean power system. The result shows that the RSE value for the optimal VGR mix scenario is 6.95% larger than that for the original mix scenario.
Introduction
The European Union (EU) has set a target of a 40% reduction in greenhouse gas (GHG) emission from its level in the 1990s, and has agreed to increase the share of renewable energy sources (RES) in energy consumption to 27% by 2030. The Energy Roadmap 2050 has also reported that the share of electricity in the energy system may be almost doubled by 2050, compared to the value in 2011. According to the high renewables scenario, approximately 97% of the electricity consumption would be supplied by RES. Among the RES, variable generation resources (VGRs) share the largest percentage, and their expansion is already progressing rapidly. For example, the share of RES capacity in Denmark and Spain in 2013 was 56% and 42%, respectively, and VGRs, such as wind and PV systems constituted 83% and 59% of this share, respectively [1] . In Korea, according to the national expansion plan [2] , the share of VGR is expected to account for approximately 22% of the total installed capacity by 2029.
The major challenge related to the high penetration of VGR is the increased variability and uncertainty, which causes flexibility issues in the power system. Here, the flexibility means the ability to respond to changes in net load, and the flexibility issues (or problems) indicates the situation that the system may have less flexibility [3, 4] . The VGRs are the nondispatchable resources, whose power outputs cannot be adjusted by the system operator in the power system. The VGR output is determined by weather conditions; thus, its variability and uncertainty should be followed by the dispatchable resources. The higher the VGR penetration, the harder it is to satisfy the net load, i.e., the load subtracted by the VGR output. To cope with this difficulty of balancing the net load, more dispatchable and flexible resources are required [5] [6] [7] [8] .
The VGRs have been regarded as causing the flexibility problem, and part of the conventional generators (e.g., gas power generation) are thought to be one of the major flexible resources that its power output against load variations in the considered period. Thus, the flexibility is largely affected by the extent to which the system can provide RC. The higher the RC is, the larger the flexibility will be. Meanwhile, the complementarity between the VGR and the load can also be helpful for the flexibility. For example, the VGR perfectly correlates with the load in a different direction, i.e., the increase (decrease) in VGR according to the increase (decrease) in load, can decrease the net load variability in large VGR-integrated systems. The complementarity can reduce the flexibility requirement. The flexibility index RSE can capture not only the RC, but also the net load change with the complementarity [28] .
Ramping Capability Shortage Expectation (RSE)
The RC is of great importance as a measure to provide flexibility. Securing more RC helps enhance the flexibility of the power system. However, uncertainties, such as generator failure and net load forecast error in the system, make it more difficult to ensure RC availability. The risk index RSE has been proposed to capture the impact of these uncertainties on the flexibility evaluation. The RSE calculation can be briefly described using the following equations:
The RC requirement (RCR) is expressed as follows:
where:
RCR t indicates the amount of RC required when considering the load increase/decrease and the failures of loading generators during the interval from t − ∆t to t. It should be noted that the RCR t relates to the "interval" from t − ∆t to t. Equation (1) includes information not only at t − ∆t, but also at t. A i,t−∆t , NLFE t , LFE t , and VGFE t are random variables; A i,t−∆t relates to the generator failure, while the remaining three variables represent the forecast error. The details for the A i,t−∆t calculation are provided in [28] .
The system RC (SRC) is calculated as the sum of RCs of all generators and is given by:
The SRC t indicates the extent to which the system can provide the RC, considering the failure of online generators from t − ∆t to t. The uncertainty factors are included in both RCR t and SRC t . Here, O i,t−∆t and P i,t−∆t are determined by a generation schedule.
If RCR t is larger than SRC t , load shedding occurs: this is called the RC shortage. The RC shortage probability (RSP) is defined as the probability that RC shortage will occur at time t, and is given by:
and the RSE is calculated as follows:
C t−∆t and E t are the sets representing the uncertainty scenarios for A i,t−∆t and NLFE t , respectively. Here, a simple example for finding C t−∆t is mentioned: Assume that two generators (G1, G2) are online for a period of two hours, and the interval is 1. C 1 is represented using a combination of the states of G1 and G2, i.e., (A 1, 1 , A 2, 1 ). Each generator has two states, i.e., 0 (failure) or 1 (online). Thus, C 1 consists of "(0, 0), (0, 1), (1, 0), (1, 1) ." The probability of each element is calculated using a Markov-chain-based two-state model [29] . An example for determining E t is also provided here: Assume that the forecast net loads (i.e., FNL t ) for hours 1 and 2 are 10 MW and 20 MW, respectively, and its error, i.e., NLFE, follows the triangular distribution shown in Figure 1 . E 1 and E 2 can be "(−0.5), (0), (0.5)" and "(−1.0), (0), (1.0)," respectively.
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The RSE calculation has the following characteristics: (1) only the risk with regard to increasing the net load is considered; and (2) the worst case in time is applied to the RSE calculation. The second characteristic is very helpful to reduce the computational burden in large power systems.
VGR Optimal Mix
A scenario-based approach is used to find the VGR optimal mix for the VGR penetration level in the power system. In this approach, VGR mix scenarios are generated under the same VGR penetration level, and the RSE is calculated for the VGR output for each scenario. The RSE calculation is repeated for every VGR mix scenario to find an optimal VGR mix ratio. However, the optimality is guaranteed only within the considered VGR mix scenarios, i.e., other cases outside the scenarios are not considered. The following steps represent the detailed procedure to generate the VGR mix scenarios and to evaluate the flexibility (i.e., RSE):
•
Step 1. Select a peak-load day. The input data related to the RSE calculation and the generation scheduling for a day is required. For reference, the input data for the RSE calculation are as follows: load and VGR output profiles, generator's failure and repair rates, forecast error distributions of the load and VGR output, and generation schedule result.
Step 2. Select more than two VGRs from among the VGR for the day. For reference, all VGRs, of course, can be selected; however, selecting all VGRs may be inefficient because the share of some VGRs is too small to affect the flexibility.
Step 3. Find the mix ratio of the selected VGR.
Step 4. Generate the VGR mix scenarios, i.e., change the ratios in lexicographic order with a constant step size, keeping the same VGR penetration level:
where: It should be noted that the complementarity effect of the VGR outputs can be reflected by the changes in NLFE t , VGFE t , O i,t−∆t , and P i,t−∆t . The changes in the aggregated VGR output changes the value of FVG t , and accordingly, the VGFE t and NLFE t . The changes may also alter the operating points of generators; it means that the O i,t−∆t , and P i,t−∆t may vary.
VGR Optimal Mix
•
An example of Steps 1 to 4 is given next: Assume that the step size is 0.1, and the original ratios of the three VGRs are 0.1, 0.2, and 0.5, respectively. Their sum is 0.8. The ratio of the non-selected VGR is 0.2. The ratio of the first VGR starts from 0 to 1 with a step size of 0.1, i.e., 0, 0.1, . . . , 0.9, 1.0. For these changes in the ratio of the first VGR, the ratio of the second VGR is changed from 0 to a maximum value, e.g., if the ratio of the first VGR is 0.3, the possible maximum value of the second VGR is 0.5 when the ratio of the third VGR is 0. Finally, the ratio of the third VGR is determined by the total sum of mix ratios (i.e., 0.8) minus the sum of the ratios of the first and second VGRs. By finding all VGR mix ratios with no overlap, all VGR scenarios can be obtained.
•
Step 5. Calculate the RSE value (i.e., flexibility) for every scenario, using Equations (5) and (6) . The VGR mix scenario having the smallest RSE value is determined as the optimal VGR mix scenario.
The steps above are summarized as shown in Figure 2 . 
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Case Study
The main objective of this study is to confirm the impact of the changes in the VGR mix ratio on the flexibility of the Korean power system. A market simulation program M-CoreS is used to solve the generation schedule in the Korea electricity market [30] . The RSE is computed using the MATLAB program (R2012b version, MathWorks, Natick, MA, USA) [31] . All simulations are performed on a PC with a 3.70 GHz Intel Core i3-6100 CPU and 16 GB RAM. The peak-load day for 2016 is selected for this simulation [32] . The VGFEt and NLFEt are assumed to follow a Gaussian distribution with a standard deviation of 5%. The information of the generators and their failure and repair rates are present in [8, 33] , respectively. 
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Using the output profiles given above, the net load profile is obtained as shown in Figure 8 ; the complementarity effect is reflected in the net load profile of each VGR mix scenario. S1 (S19) is the most wind (PV)-oriented VGR mix scenario. Figures 9 and 10 show the results for the generation schedules for S1 and S19, respectively. Table 2 lists the RSE values for every VGR mix scenario. S1 results in the lowest RSE value, i.e., 9.9435 (hours/day). It is an optimal VGR mix scenario; the ratios of wind and PV to the total VGR are 93.4% and 1.3%, respectively. The RSE value of S1 is 6.95% larger than that of the original VGR mix scenario (i.e., S12). Meanwhile, S16 makes the largest RSE. The difference between the RSE values of S1 and S16 is due to the difference between the net load profiles of the VGR mix scenarios. The RSP values for S1 and S16 are compared in Figure 11 , for further details. A tendency wherein the RSE increases as the PV (wind) ratio increases (decreases) is found, although it is not evident all the time. This may because the wind system has a larger capacity factor and a smaller variability; the capacity factors of the wind and PV systems are 14.1% and 34.9%, respectively [32] . Figure 11 . RSP value for S1 and S16.
Conclusions
This study investigated the impact of the complementarity between the VGR and the load on the flexibility in Korean power systems. The effect of the complementarity between the VGR and load was captured using a flexibility index named the RC shortage expectation (RSE). The peak-load day of 2016 in Korea was used in this study. We examined an optimal mix ratio between the wind and PV systems using the VGR mix scenarios; the ratios of the wind and PV systems to the total VGR were 1.3% and 93.4%, respectively. These results may provide useful information for the system operator to secure flexibility in large VGR-integrated systems. As part of future works, we plan to examine the impact of the complementarity between the PHES and the VGR on the . RSP value for S1 and S16.
This study investigated the impact of the complementarity between the VGR and the load on the flexibility in Korean power systems. The effect of the complementarity between the VGR and load was captured using a flexibility index named the RC shortage expectation (RSE). The peak-load day of 2016 in Korea was used in this study. We examined an optimal mix ratio between the wind and PV systems using the VGR mix scenarios; the ratios of the wind and PV systems to the total VGR were 1.3% and 93.4%, respectively. These results may provide useful information for the system operator to secure flexibility in large VGR-integrated systems. As part of future works, we plan to examine the impact of the complementarity between the PHES and the VGR on the flexibility. It would also be interesting to study the effect of the location and model of the load and variable generation resources on the flexibility. 
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